Effect of swift heavy ion irradiation in the migration behavior of Xe implanted into TiN
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Abstract

Sintered TiN were implanted with Xe ions of 360 keV to a fluence of 1.1x10'® cm™ at room
temperature (RT) and others were co-irradiated with Xe ions of 167 MeV to a fluence of
3.4x10% cm and Xe ions of 360 keV to a fluence of 1.1x10'® cm also at RT, successively.
Both samples were isochronally annealed at temperatures ranging from 1100 to 1500 °C. Both
irradiations caused no amorphization of the sintered TiN, however more defects were retained in
the samples implanted with only Xe (360 keV) ions. Annealing of defects retained after
irradiations were found to be faster in the co-irradiated samples. The migration behavior of
implanted Xe was explained by trapping and de-trapping by defects at temperatures below1200
°C while at temperatures above 1200 °C, it was dominated by grain boundary diffusion, in the

un-irradiated samples. In the co-irradiated samples, Xe migrated via fast grain boundaries.
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1. Introduction

The generation IV gas-cooled fast reactors (GFRs) concept is proposed to combine the
advantages of high temperature reactors with sustainability of fast-spectrum reactor [1,2]. These
reactors are still under development with the purpose of providing power plants that are much
more efficient, yet more economical and safer as compared to the Generation 111 reactors which
are essentially an advancement of Generation 1I. A design of GFRs takes into account the fact
that nuclear fuels will have to withstand relatively extreme aggressive operating conditions
beyond those experienced in current nuclear power plants, such as high temperature and high
irradiation damage induced by ions produced during fission [3,4]. Different fissile oxide, carbide
and nitride such as uranium oxide/uranium, plutonium oxide (UO2/U,Pu)O., uranium, plutonium
carbides (U,Pu)C and uranium, plutonium nitrides (U,Pu)N are considered as alternative fuels for
different nuclear reactor systems. (U,Pu)C and (U,Pu)N are being considered as suitable
advanced fuels for GFRs due to their high melting temperature, high actinide density and
elevated decomposition temperature and high thermal conductivity [5,6]. Nitride fuels present
very desirable thermal properties such as high thermal conductivity relative to actinide oxides,
high actinide density and simple phase equilibria [7]. However, a major issue confronting the use
of nitride fuels is the need to enrich nitrogen into N isotope in order to avoid production of
large amounts of *4C in reactor through the **N(neutron, proton)**C reaction [7]. It is necessary
to develop an advanced blanket/inert matrix material having resistance to aggressive conditions
including both high creep strength and irradiation resistance at high temperatures. For
economical purposes, the blanket/inert matrix material must be cheap, readily available and be
processed at low cost. The blanket material should also possess good mechanical properties,

good swelling and corrosion resistive properties. Nitride ceramics particularly titanium nitride



(TiN) is industrially used as coating film on tools for metal cutting, jet engines parts, milling and
drilling tools [8,9]. It is an attractive material due to its exceptional combination of physical
properties (high melting point, high hardness, low resistivity), has a metallurgical and chemical
stability (high corrosion resistance to acid and alkaline solutions) [10]. It has a high wear and
corrosion resistance up to reasonably high temperatures and possesses high intrinsic hardness of
about 18~21 GPa [11,12]. Due to these combinations of properties, TiN is a relevant material to
be used as an inert matrix in the GFRs with the intention of preventing the release of fission

products.

Various sintering techniques including hot pressing, pressureless sintering and microwave
sintering have been employed in sintering ceramics at different temperatures
[8,9,10,13,14,15,16]. Most convectional sintering methods require high temperatures, long dwell
times, and produce low relative densities of the sintered bodies [17,18,19]. Spark plasma
sintering (SPS) of TiN with or without additives/cements has proven to produce desirable results
when it comes to consolidation of powders [8,17]. Rapid preparation of dense ceramics with
limited grain growth leading to superior mechanical properties is an added advantage for SPS

[8,16].

In nuclear reactors TiN will be exposed to a lot of irradiation including ion irradiation of
different energies ranging from keV to 100 MeV (the swift heavy ions (SHsl) energy regime).
When SHI penetrates solid materials, most of its energy is locally deposited to the electrons and
finally it can be transferred to the atoms by electron-electron and electron-atom interactions.
These may result in the formation of specific radiation damage the so-called latent tracks [20].
This phenomena may results in the modification of the structure by changing the charge state of

the defects or annealing due to high intense heating [21]. Under these severe conditions, TiN has



to still act as a diffusion barrier to fission products. Very limited information is available on the
effect of ion irradiation in TiN and the migration behavior of different fission products
[22,23,24,25]. For TiN to be used as matrix material of GFRs, the influence of irradiation in the
migration behavior of important fission products need to be understood. Xenon is one of the
abundant fission products [24]. Due to the importance of Xe, the migration behavior in TiN has
been investigated [13,24,25]. However, the influence of irradiation in the migration behavior of
Xe in TiN has not been reported. Thus, in this study, we report on the effect of SHI on the
migration of Xe in sintered TiN. The results of this study are important in understanding the

behavior of TiN in conditions similar to the nuclear reactor environments.
2. Experimental procedures

TiN powder of 99 % purity supplied by Sigma was sintered into 20 mm diameter samples using
spark plasma sintering (SPS) at Tshwane University of Technology Pretoria, South Africa. The

sintering process was conducted at a temperature of 1900 °C in a vacuum of 100 mbar under

50 MPa maximum pressure. The heating rate was 100 °C/min and the holding time at maximum

temperature was 10 min.

The Density of the sintered samples were determined by the liquid displacement method in
deionized water (Archimedes’ principle). The sintered samples were cut into 10x10 mm? using a
diamond saw. The cut samples were then polished to 0.25 um using diamond suspension to
remove scratch marks from cutting process. The as-polished samples were then successively

cleaned using acetone, deionised water and methanol.

Some of the polished samples were implanted with Xe ions of 360 keV at room temperature to a

fluence of 1.1x10'® cm™ (Xe-360 keV) and others were firstly irradiated with Xe ions of 167



MeV to a fluence of 3.4x10* cm™? followed by Xe ions of 360 keV to 1.1x10'® cm™
(Xe-360 keV+167 MeV). All irradiations were performed at room temperature. . Fig. 1 shows
the schematic diagrams of implantation and irradiation processes, their respective current
intensities are indicated. High flounces were chosen to maximize radiation damage retained after
both irradiations. The low energy ions irradiations were performed at Vinc¢a institute, Serbia and
the high energy irradiations were performed using the 1C-100 cyclotron at Flerov Laboratory for

Nuclear Reactions (FLNR), Joint Institute for Nuclear Research (JINR) in Dubna, Russia
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Fig. 1: Schematic diagrams of irradiations.

Fig 2 shows the simulated profiles of Xe ions of 167 MeV irradiated into TiN and Xe ions of
360 keV implanted into TiN. From these profiles, it is quite clear that irradiation with Xe ions of
167 MeV resulted in electronic energy loss from the surface to about 10 um and the ions come to

rest at projected range of 9.11 um while implantation of Xe ions of 360 keV resulted in the
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nuclear energy loss from the surface to about 120 nm .and the ions come to rest at about 72.7 nm.
Since the Xe ions of 167 MeV irradiation was performed before implantation the interaction of
point defects retained by swift heavy ions irradiation and defects caused by implantation is
expected. Therefore, the influence of these interactions in the migration of implanted Xe (slow

moving ions) is expected in the Xe-360 keV+167 MeV samples.
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Fig. 2: SRIM simulated profiles of Xe ions (of 167 MeV (a) and 360 keV (b)) irradiated into TiN.

Both the Xe-360 keV and Xe-360 keV+167 MeV samples were isochronal annealed for 5 hours
in the temperature ranging from 1100 to 1500 °C in steps of 100 °C under vacuum using a

computer controlled Webb 77 graphite furnace.

The prepared samples were characterized by Raman spectroscopy (RS), scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering

spectrometry (RBS). RS spectra were recorded with a T64000 series Il triple spectrometer



system from HORIBA scientific, Jobin Yvon Technology, using the 514.3 nm laser line of a
coherent Innova® 70C series Ar* laser (spot size ~ 2 mm) at power of 0.17 mW with a resolution
of 2 cm™. The surface morphologies were monitored by an in-lens detector using an acceleration
voltage of 2.0 kV using a Zeiss Ultra Plus field emission scanning electron microscope (FE-SEM,
ZEISS SEM MICORSCOPES Cross beam 540). X-ray photoelectron spectroscopy (XPS)
surface analysis of the sintered samples was done using the Thermo SCIENTIFIC K- Alpha X-
ray photoelectron spectrometer with monochromatic Al-Ka radiation. Rutherford backscattering
spectroscopy (RBS) at RT was performed using He* particles with energy of 1.6 MeV at a
backscattering angle of 165°. The beam current was kept at 10 nA. For better statistics, 8 uC was
collected per measurements. The Xe RBS profiles in energy-channels were converted into depth

profiles (in nm) using energy loss data. The theoretical density of 5.39 gcm™ was used.
3. Characterization of sintered TiN

The Raman spectrum of as sintered TiN is shown in Fig. 3, it consists of bands at 236, 321, 445
and 557 cm™. The two peaks at 236, 321 cm™ are due to the first order scattering corresponding
to the acoustic transitions (transverse, TA and longitudinal acoustic, LA). These acoustic
scattering bands are attributed to the vibrations of the Ti atoms [26]. The bands between 350 and
700 cm* are due to nitrogen ions. The band at 445 cm™ is assigned to TiO, [27]. The broad band
at 557 cm is assigned to the optical mode attributed to the vibration of the N atoms. TiN is
known to assume NaCl structure face-centered cubic (fcc) and to undergoes octahedral symmetry
(On). In its perfect crystals only the zone center phonons can be Raman active, and usually not
even all of them. The selection rules for Raman do not allow On symmetry, therefore first order
scattering is forbidden in TiN [26]. Although first order is forbidden in TiN, the presence of

defects in TiIN results to the detection of the first order scattering. The presence of the TiO is



attributed to oxidation of the TiN. To confirm the oxidation of TiN, the Raman spectrum was

fitted using Gaussian— Lorentzian. The Raman spectrum fitted well with five peaks at 236, 321,

442, 557 and 614 cm™. A broad peak around 236 cm™ is due to TA mode, and a narrow peak at

320 cm confirmed the LA mode. A fairly weak peak at 451 cm™ assigned to TiO2 was observed

around 442 cm™* confirming oxidation. The broad peak due to optical mode (TO) of sintered TiN

is observed at 557 cm™. The deconvolution of this peak revealed two peaks at 557 and 614 cm™.

The second peak at 614 cm™ is attributed to the optical mode of the TiO2 phase [27].
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Fig. 3: Raman spectrum of sintered TiN, fitted and fitted components (Lorentzian- Gaussian).
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Fig. 4: The high resolution XPS spectra of (a) Ti 2p, (b)N 1s, (¢) C 1sand (d) O 1s.

In order to gain more insight into the composition and chemical states of the sintered TiN, XPS
was performed on the samples. High resolution XPS spectrum for Ti 2p as shown in Fig. 4 (a)
displayed Ti 2ps2 and Ti 2p1/. positioned at binding energies of 454.9 and 460.9 eV, respectively
consistent to the Ti — N bonds in TiN. The spin-orbit difference between the Ti 2p doublets was
6.0 eV whichrevealed that the bonding state of Ti is in the form of TiN [28]. The deconvoluted
TiN spectrum showed a peak located at binding energy of 456.4 eV corresponding to the Ti-O
bonds and a peak at 458.4 eV may be attributed to the sub-oxides of TiO> [28,29]. This indicates

that the surface of the samples were oxidized. The observed satellite peaks at binding energy



~2.7 eV higher than the Ti 2p3/2 and Ti 2p1/2 peaks differentiates TiN from TiO2. Fig. 4 (b)
shows N 1s high resolution spectrum deconvoluted by using Gaussian fit into three components
located at 396.8, 397.3 and 398.2 eV. The first component from the low binding energy side
(396.8 eV) could be attributed to surface carbon-nitrides (N-C) bonds [29]. The main peak at
397.3 eV was assigned to the N bonded Ti forming TiN [28,30]. The peak at 398.2 eV originates
from titanium oxynitrides and the relatively low intense component centred at 399 eV is due to
the presence of the free nitrogen at the interstitial sites [28,31]. Fig. 4 (c) shows the spectrum of
C1s with a prominent peak at 284.9 eV which could be attributed to C-C. The remaining two
peaks at 286.6 and 289.2 eV were attributed to adventitious peaks of C-O-C bond and C-O=C,
respectively [32]. There is a possibility of adventitious carbon and oxygen contaminated the
samples as were prepared and stored in an open environment. O1s core level photoelectron was
fitted into three different fragments as shown in Fig. 4 (d). The first component at 530.5 eV is
ascribed to TiO>, the second component at 531.8 eV is assigned as the elemental O (or physically
adsorbed molecular H>O) and the third component at 533.3 eV is identified to be originated from
Ti-O-N phase [32]. These results are in agreement with Raman results which also indicated the

oxidation of the samples surfaces.

The SEM image of the as-sintered TiN is shown in Fig. 5. There are a few marks running across
the sample surface, they could have been created during polishing. There are few pores observed,
confirming the densification of TiN powder without any additives, and 98.5 % relative density

was achieved as confirmed by Archimedes’ principle.
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Fig. 5: The SEM image of as-sintered TiN.

4. Results and discussion
4.1 Irradiation of TiN

Raman spectra of Xe-360 keV and Xe-360 keV+167 MeV samples compared with the Raman
spectrum of pristine TiN (Virgin) are shown in Fig 6. No amorphization was observed in both
Xe-360 keV and Xe-360 keV+167 MeV as can be seen in Fig. 6 that the specimens retained most

of the original main peaks as observed relative to the pristine sample.

The sample implanted at room temperature with Xe 360-keV resulted to a slight combination of
the peaks 200 to 350 cm™ region. The broadening of the optical band was observed. These
indicated that some radiation damage was retained after irradiation. The co-irradiated sample Xe-
360 keVV+167 MeV revealed similar peak combination of the acoustic bands and broadening of
optical band. To get more insight on the radiation damage retained in both samples, the Raman

spectra of both samples were deconvoluted.
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Fig. 6: The Raman spectra of TiN implanted with Xe of 360 keV to a fluence of 1.1x10 cm2at RT (Xe-360 keV) and
co-irradiated with Xe of 167 MeV to a fluence of 3.4x10™ cm and with Xe ions of 360 keV to a fluence of 1.1x106

cmrespectively (Xe-360 keV+167 MeV), all at RT. The Raman spectrum for pristine TiN is included for

comparison.
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Fig. 7: (@) The Raman spectrum of sintered TiN implanted with Xe-360 keV to a fluence of 1.1x10'® cm? at RT,

fitted and fitted components (Lorentzian- Gaussian) and (b) The Raman spectrum of sintered TiN co-irradiated with
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Xe-360keV + 167 MeV to a fluence of 1.1x10% and 3.4x10% cmrespectively at RT, fitted and fitted components
(Lorentzian- Gaussian)

Fig. 7 (a) shows the deconvoluted Raman spectrum of sintered TiN implanted with Xe-360 keV
to a fluence of 1.1x10% cm at RT. The spectrum reveals that the TA mode has shifted from 236
to 224 cm 1, LA mode shows a very insignificant shift from 321 to 319 cm™, while the TiO
peak shifted to 449 cm™. The optical mode also reveals a shift from 557 to 545 cm 1. The oxide
shoulder which was observed at 614 cm  in the pristine samples has shifted to 587 cm . Fig. 7
(b) shows the deconvoluted Raman spectrum of sintered TiN co-irradiated with Xe-360keV and
167 MeV to a fluence of 1.1x10'® cm and 3.4x10™ cm™ respectively at RT. The TA mode
revealed no significant shift with respect to the pristine samples, while the LA mode showed a
shift to larger wavenumbers, from 321 to 326 cm . The TiO, peak shifted from 442 to 452 cm .
The optical mode shifted from 557 to 537 cm %, while a TiO2 peak at 614 shifted 604 cm™.
These differences in peak shifts either to lower or higher wavenumbers indicate the different
stress caused after single and dual irradiation. The full with at half maximum (FWHM) of the TO
peaks were calculated from the deconvoluted spectra. They were found to be 91, 125 and 105 for
pristine, Xe-360 keV, and Xe-360 keV+167 MeV samples, respectively. The broadening of the
TO peak indicates the relative amount of radiation damage retained. Therefore, more
defects/damages were retained in Xe-360 keV compared to Xe-360 keV+167 MeV. The different
amount of damage retained in Xe-360 keV and Xe-360 keV+167 MeV samples might be due to
the interaction of defects in the latter. Generally, these results indicate that irradiating with slow
moving ions and co-irradiating with both slow and swift heavy ions did not caused severe
radiation damage in TiN. Similar radiation tolerance have been reported in TiN for slow moving

ions [33].
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The SEM images of Xe-360keV and Xe-360 keV+167 MeV samples are shown in Fig. 8, the
SEM image of pristine TiN included for comparison. The Xe-360keV sample in Fig. 6 shows
very few pores and generally it does not look any different from the pristine sample. The Xe-360
keV+ 167 MeV samples have bigger crystals (similar to the ones observed in Xe-360keV
samples), some finer crystals of different sizes also appeared on the surfaces. The difference
might be due to localised heat during SHI irradiation before annealing or interaction of defect
retained after SHI irradiation and the ones produced during slow ions irradiation. More

investigations are required to clarify this.
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Fig. 8: The SEM images of the Pristine TiN, TiN implanted with Xe of 360 keV to a fluence of 1.1x10% cm2at room
temperature (Xe-360 keV) and co-irradiated with Xe of 167 MeV to a fluence of 3.4x10% cm and implanted with

Xe ions of 360 keV to a fluence of 1.1x10% cmrespectively (Xe-360 keV+167 MeV).
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5. Annealing results

Both Xe-360 keV and Xe-360 keV+167 MeV samples were isochronally annealed at
temperatures ranging from 1100 to 1500 °C in steps of 100 °C for 5 hours. Their Raman spectra
are presented in Fig. 9, with pristine TiN, un-annealed Xe-360 keV and Xe-360 keV +167 MeV
spectra included for comparison. After annealing Xe-360 keV samples at 1100 °C, a further
slight combination of TA and LA mode was observed. This was accompanied by a blue-shift of
the TO mode to 533 cm™ and narrowing compared to the implanted and pristine samples. The
shift was attributed to stress due to implanted Xe while slight combination of TA and LA mode
together with narrowing indicated the reduction of the defects. As the annealing temperature was
increased from 1200 to 1500 °C, more annealing of the defects was observed with TA and LA
mode combining, while the TO mode remaining at 533 cm™ compared to the pristine TiN with
the increase in annealing temperature. After annealing at 1300 °C, a new peak attributed to LO
mode of TiN in the region between 600 to 700 cm™ emerged. This peak became more prominent
as the annealing temperature was increased up to 1500 cm™. The LO mode was clearly

observable at 630 cm™ after the annealing temperature of 1500 °C.

The Xe-360 keV +167 MeV revealed similar behaviour as Xe-360 keV samples after annealing
at 1100 °C, with TA and LA peaks combining and narrowing of the TO mode ( which shifted to
536 cm™). The other noticeable feature was the appearing of LO mode at 635 cm™ after
annealing at this annealing temperature (1100 °C). As the annealing temperature was increase
from 1200 to 1500 °C, a combination of TA and LA mode was further observed while the TO
mode remained in the same region of 536 cm™ with LO mode becoming more pronounced above

600 cm™. Comparing this result with that of Xe-360 keV (which showed no LO mode) after
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annealing at the same temperature (1100 °C), suggests faster annealing of defects in the Xe-360

keV +167 MeV samples.
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Fig. 9: The Raman spectra of Xe-360 KeV (a) and Xe-360 KeV +167 MeV (b) TiN after being isochronally being
annealed at different temperatures from 1000 “C to 1500 °C at Shour cycles. The Raman spectrum of the pristine
TiN is included for comparison.

The evolution of the morphology and topology of the samples was investigated after each
isochronal annealing cycle from 1100 to 1500 °C. The results are shown in Fig. 10. After
annealing at 1100 °C the Xe-360 keV samples did not show much change on the surface as
compared to the un-annealed samples. At elevated annealing temperatures the surface became
smoother and less distinct grain boundaries appeared. Annealing the Xe-360 keV+167 MeV
samples at 1100 °C also caused some smoothening of the surfaces and some more distinct grain
boundaries with crystallites forming along their interface appearing on the surface. As the

annealing temperature was increased the number of grain boundaries also increased which is
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similar to the results reported by Bes’ et al [13]. In contrary to what Bes’ et al [25], there were

no bubbles observed in both samples after annealing. The difference in surfaces features after

annealing might be due to different annealing of defect after annealing at different temperatures

as observed in Raman results.
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Fig. 10: SEM images of Xe-360 keV and Xe-360 keV+167 MeV after being subsequently annealed at (a) 1100,

(1200, 1300, not shown here), 1400 °C, 1500 °C.

In the Xe-360 keV+ 167 MeV samples, the slow ions were implanted in an already defective TiN.

The pre-existing defects interacted with the defects caused by implantation which resulted into

the formation of new defects. In the Xe-360 KeV, the implantation was performed in a virgin
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TiN and defects were created by implantation. Annealing these samples at 1100 °C caused faster
annealing of defects in the Xe-360 keV+ 167 MeV samples compare to Xe-360 KeV as was
observed in the Raman results (Fig. 9). The bigger crystals in Xe-360 keV+ 167 MeV samples

might be due to relatively faster annealing of the defects in these samples.

1.8 1.8
1 Xe(360 keV + SHI) |
1.6 Xe(360 keV) - 1.6
< 1 — Simulation [ L4
S 14+ dpa [
= | I
= 124 - 1.2
(79}
c b L
3 104 - 1.0
LQ 1 - i
£ 0.8- L 0.8 ©
= ; .
©
o 06- - 0.6
= : I
T 0.4+ L 0.4
[} | L
0
0.2 - = 0.2
0.0 = e e . - 0.0
0 20 40 60 80 100 120 140 160 180

Depth (nm)

Fig. 11: Depth profiles of Xe (360 keV) implanted into TiN at room temperature to a fluence of 1x1016 cm? (Xe-
360 keV), Xe (360 keV) impanted into TiN(pre irradiated with Xe ( 167 MeV) to a fluence of 3.4x10%* cm2at room
temperature) to 1.1x10'® cm? at room temperature and TRIM simulated Xe of 360 keV in TiN(simulation). The
simulated damage in displacement per atom (dpa) is included.

Fig. 11 shows the depth profiles of Xe implanted into TiN for Xe-360 keV and Xe-360 KeV

+167 MeV samples as compared with SRIM simulation. The simulated damage in displacement

per atom (dpa) are also included in Fig. 9. The ion fluence was converted into dpa using [33]:
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where ¢ the ion fluence, prin is the theoretical density of TiN (5.39 g/cm®) and — is the

iond
vacancy per ion ratio from SRIM 2012 [34]. The measured Xe depth profiles are slightly broader
but in reasonably agreement with SRIM simulation. From these results, it is quite clear that SHI
irradiation prior to implantation had insignificant effect on the distribution of implanted Xe. The

retained damage are more towards the surface as compared to the implanted Xe profiles.

The Xe depth profiles of Xe-360 keV and Xe-360 KeV +167 MeV samples after sequential
annealing at temperatures from 1100 to 1500 C in steps of 100 °C for 5 hours together with their
Xe retain ratio and square of FWMs as function of temperature are depicted in Fig. 12 and 13,
respectively. Annealing the 360-keV at 1100 °C caused a shift of Xe peak towards the bulk .This
shift was not accompanied by neither broadening nor loss of of the implanted Xe. These results
indicate the lack of Fickean diffusion after annealing at this temperature. Annealing at 1200 °C
caused a peak shift towards the surface resulting in the Xe peak returning to its original position.
This was accompanied by slightly broadening of the Xe peak (indicating Fickean diffusion) and
20% loss of implanted Xe. Neither further broadening of Xe peak nor shift was observed after
annealing at 1300 °C, however about 40 % of the implanted Xe was lost. A significant peak
shift towards the surface was observed after annealing at 1400 "C. This was accompanied by 60
% loss of Xe from the surface. These resulted in the surface side of the Xe profile at this
temperature (1400°C) to be truncated which indicated the direct release of Xe as it reaches the
surface. This shift towards the surface resulted in the subsequent loss of almost all the Xe after
annealing at 1500 °C. No signs of thermal etching were observed during SEM analysis of the

annealed samples-Fig.10.
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Fig. 12: (a) The depth profiles of Xe (360 keV) implanted into TiN to a fluence of 1.1x1016 cm? at room
temperature (RT) after isochronal annealing at temperatures at from 1100 to 1500 °C for 5hours, the as-implanted
Xe depth profile is included for comparison ,(b) the retained ratio of Xe (c) Square of Full width at half maximums
(FWHMs) as function of temperature.

Unlike in the Xe-360 keV samples, no change was observed in the implanted Xe after annealing
the Xe-360 KeV +167 MeV samples at 1100 °C-Fig 13. About 15% was lost after annealing at
1200 °C. This loss was accompanied by peak broadening and shift. This loss without peak
broadening and shift became significant with annealing temperature resulting in the total loss of
implanted Xe at 1500 °C. These results indicate the lack of Fickean diffusion in the Xe-360 KeV

+167 MeV samples
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Fig. 13. (a) (a) The depth profiles of Xe (360 keV) implanted into TiN (pre irradiated with Xe (167 MeV)) to a

fluence of 1.1x10%€ cm2 at room temperature (RT) after isochronal annealing at temperatures at from 1100 to 1500

°C for 5hours, the as-implanted Xe depth profile is included for comparison ,(b) the retained ratio of Xe (c) Square

of Full width at half maximums (FWHMSs) as function of temperature.

Comparing these results, it is quite clear that the migration behaviour of Xe in the Xe-360 keV

and Xe-360 KeV +167 MeV samples is totally different. The different behaviour might be due to

different radiation damage retained in both samples and their annealing resulting different

structures. After annealing at 1100 °C, Raman results indicated more annealing of defects in the

Xe-360 KeV +167 MeV samples as compare to Xe-360 keV sample. The defects in the Xe-360

KeV samples (which are more towards the surface as predicted by SRIM ) might be enough to
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hinder the implanted Xe from moving towards the surface. This resulted in the peak shifting
towards the bulk. Annealing of more defects at 1200 °C caused implanted Xe to shift towards the
surface and diffused out. The significant annealing observed after annealing at 1300 °C caused
no further diffusion and shift indicating a radiation enhanced diffusion. In the Xe-360 KeV +167
MeV samples, significant radiation annealing occurred after annealing at 1100 °C. This resulted
in no detectable Fickean diffusion and peak shift. The loss of implanted Xe without diffusion
might be due to visible grain boundaries with crystallites as seen on the SEM images. These
grain boundaries increased in numbers as the annealing temperature resulting in more loss of
implanted Xe. Therefore, Radiation damage in TiN and its structure play a major role in the
migration behaviour of implanted Xe. The influence of structure in the migration of implanted

Xe has been reported [13]
7. Conclusions

TiN powder was successfully sintered using SPS at 1900 °C as confirmed by Raman
spectroscopy and XPS studies. RS revealed some structural defects (TA, LA and TO) peaks,
with a face-centered hexagonal phase, respectively. The XPS results indicated that Ti 2p doublet
spin-orbit difference is 6.0 eV, which confirms formation of TiN and not TiO>. However, sub
oxide of TiO2 was observed which could be attributed to the oxidation of the samples during
preparation and storage. SEM showed uniform surface having few pores confirming good
densification, which agrees well with the obtained relative density of 98.5%. The samples were
then implanted using Xe ions of 360 keV at RT to a fluence of 1.1x10%® cm™?, Raman results
showed similar peaks as those obtained from the pristine TiN, indicating the sample retains its
original properties (no amorphization occurred). In addition, the effects of SHI on the migration

behaviour of Xe implanted at RT into sintered TiN was investigated. RS showed co-irradiated
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samples produced relatively less structure disorder. After successive annealing at different
temperatures there is evidence of healing of retained damage as Xe is released from the TiN.
SEM images show a progressive growth of grain boundaries with increase in annealing
temperature with crystallites forming along the grain boundaries. These observations are more
pronounced on the co-irradiated samples. From the RBS depth profiles it is evident that the
migration of Xe in samples is totally different. In the implanted samples the migration of Xe was
by trapping and de-trapping of defects at temperatures below 1200 °C and was mainly through
grain boundary diffusion at elevated temperatures. On the co-irradiated samples the migration
was mainly via fast grain boundary diffusion. This grain boundary diffusion is in agreement with
SEM results as it is observed that the grain boundaries were more pronounced on the co-
irradiated samples with crystallites forming on along the grain boundaries. Therefore the defects

in the co-irradiated samples tends to heal faster.
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